Abstract
Introduction
Bimetallic oxalates have been the subject of intense experimental research since they were first synthesized in 1992 [1] . Within each bimetallic layer, transition-metal ions M(II) and M (III) are coupled by oxalate molecules ox = C 2 O 4 on the open honeycomb lattice sketched in figure 1 with nearest-neighbor separation a ≈ 5.4Å [2, 3] 3 ], where A is an organic cation that separates the bimetallic layers. For different transition-metal ions, bimetallic oxalates can magnetically order as ferrimagnets, antiferromagnets or ferromagnets [4] [5] [6] [7] with moments pointing out-of-theplane. The cation A lying between the layers does not change the sign of the exchange between the M(II) and M (III) moments but can influence the optical and metallic properties of the bimetallic oxalates [8] . Recent theoretical calculations [9] [10] [11] used a simple model to explain many of the magnetic properties of these materials. We now extend those calculations to evaluate the spin-wave (SW) spectrum of antiferromagnetically coupled bimetallic oxalates.
. The chemical formula for bimetallic oxalates is A[M(II)M (III)(ox)
Evidence that cation A is not responsible for the magnetic order of bimetallic oxalates was found in the Fe(II)Fe(III) family, where it was observed that even compounds with well-separated bimetallic layers can have high transition temperatures [4] .
Additional support stems from the observation that a radical spin-1/2 cation does not appreciably change the transition temperature and coercive field [3] , suggesting that the bimetallic planes are weakly coupled. Earlier work [9, 10] argued that the magnetic properties of the bimetallic oxalates are controlled by the spin-orbit coupling, which can stabilize magnetic order within an isolated layer.
When the exchange interaction between the M(II) and M (III) moments is antiferromagnetic, it is possible for the sublattice magnetizations to exactly cancel at a compensation temperature T comp below the transition temperature T c . Magnetic compensation (MC) has been observed in the Fe(II)Fe(III) compounds only for certain cations A [4] . Compounds that exhibit MC also possessed the highest values of T c and Curie-Weiss constant C [4] . Fishman and Reboredo [9, 10] suggested that MC occurs when the orbital angular momentum of the low-lying crystal-field doublet on the Fe(II) sites exceeds a threshold value. To determine if other bimetallic oxalates could also exhibit MC for certain cations, we included spin-orbit coupling on both the M(II) and M (III) sites [11] . MC was found to be possible in the M(II)Mn(III) (M = Fe, Co or Ni) and V(II)M (III) (M = Cr or V) families. Spin-orbit anisotropy is also expected to generate a gap in the SW spectrum. So it is natural to wonder if there is any connection between the presence of MC and the magnitude of the SW gap.
This paper is divided into five sections. Section 2 discusses the important energy scales in the bimetallic oxalates. Section 3 briefly explains how we calculate the magnetization of a bimetallic layer including spin-orbit coupling on both sublattices. The SW spectrum of an antiferromagnetically coupled bimetallic oxalate is derived in section 4. A conclusion appears in section 5.
Crystal field
Bimetallic oxalates are characterized by three different energy scales. Since the spin correlations within the 3d orbitals are large, Hund's first rule is obeyed [3] . Measurements of the magnetic susceptibility χ, magnetic moment and Curie constant C of the bimetallic oxalates all confirm that the 3d ions are found in their high-spin states [4, 6] . The C 3 -symmetric crystal-field potential produced by the six oxygen atoms surrounding each ion is the next-highest energy level. This potential induces a splitting of the degenerate 3d orbitals. Lowest in energy are the spin-orbit coupling λ r L r · S r (r = 2 or 3) for each metal ion and the antiferromagnetic exchange J c S 2 · S 3 mediated by the oxalate molecules.
With matrix elements given by the overlap integrals of the crystal-field potential with the fivefold degenerate d orbitals, the crystal-field Hamiltonian of a single M(II) or M (III) ion can be written as a 5 × 5 matrix [9] . Upon diagonalizing this matrix, we obtain two doublet energy levels and one singlet, with eigenvectors |ψ 1,2 , |ψ 4,5 and |ψ 3 . The orbital angular momenta of the low-lying doublets on the M(II) and M (III) sites are given by ±L 2 and ±L 3 : ψ 1,2 |L|ψ 1,2 = ±L r z points in the out-of-the-plane or z direction. Whereas the orbital angular momenta of the doublets are generally nonzero, the orbital angular momentum of the singlet vanishes. If the singlet on the M(II) or M (III) site lies lowest in energy, we would take L 2 or L 3 equal to zero.
Within the low-energy doublets, the effective Hamiltonian for an antiferromagnetically coupled bimetallic oxalate can be written as
where the i, j sum runs over all nearest neighbors, the i sum runs over all M(II) sites and the j sum runs over all M (III) sites. The antiferromagnetic exchange J c is positive. As discussed above, L z 2i = ±L 2 and L z 3 j = ±L 3 can each take two values on the low-energy doublets.
We would like to emphasize that the orbital angular momenta of the low-energy doublets, L 2 and L 3 , are modified by the crystal fields. They are not the same as the total angular momenta of the M(II) or M (III) multiplets before the crystal field is taken into account. For example, in an octahedral crystal field (which can be obtained as a limit of the C 3 -symmetric potential [10] ), the orbital angular momentum L 3 of the e g doublet for an Mn(III) ion is quenched although the 3d 4 multiplet had L = 2 before it was split by the crystal field.
Magnetization and magnetic compensation
Mean-field (MF) theory is used to treat the exchange interaction J c S 2 ·S 3 between the antiferromagnetically coupled M(II) and M (III) spins. The MF Hamiltonians on M(II) and M (III) sites are then
Since equations (2) and (3) are evaluated in the subspace of the M(II) and M (III) doublets, the energy levels r are given by
where
Taking g = 2 for both M(II) and M (III) ions and setting μ B = 1, the magnetic moments on the M(II) and M (III) sites are
We adopt the convention that M 2 > 0 and M 3 < 0. Results in the next section also employ the estimate J c = 0.5 meV obtained from MF theory [9] . Although a recent Monte Carlo study [12] suggests that J c is about twice as large, our results are insensitive to the precise value of J c , provided that it is small compared to the spin-orbit coupling.
To characterize the magnetic behavior of a bimetallic layer as a function of the crystal-field angular momenta L 2 and L 3 , we make use of the limiting behavior of M avg as T → T c and T → 0. In the first case
While the square-root behavior is an artifact of MF theory [12] , the proportionality factor is a function of L 2 and L 3 . As T → 0, the ground-state magnetization depends on the signs of the spin-orbit coupling on the M(II) and M (III) sites. The spin-orbit coupling constant λ of a 3d n electronic configuration is negative when the d orbitals are more than half-filled (n > 5) and positive when they are less than half-filled (n < 5). So for electronic configurations 3d n 2 and 3d n 3 on the M(II) and M (III) sites, the average magnetization at T = 0 is given by T → T c and M 0 > 0 then the sublattice magnetizations change from
Regions of MC are presented in figure 2 
Spin-wave frequencies
We now calculate the SW spectrum for an antiferromagnetically coupled bimetallic oxalate. Because the spin-orbit inter- To first order in 1/S i , the Heisenberg operators take the form
Fourier-transforming equations (9)-(14) and substituting the results into equation (8), we obtain the SW Hamiltonian:
is complex with γ k = γ * −k due to the lack of inversion symmetry. Generally, the error involved in an HP expansion for spins of magnitude S at low temperatures is of the order of 1/(2S + 1).
An equations-of-motion technique is used to diagonalize H SW . The vector
is a solution of
where M is a 2 × 2 matrix. This system of equations requires that Det{M − ω(k)I } = 0, which yields a pair of solutions for ω(k). Replacing u k by u † k gives another pair of solutions. The four solutions to the two determinantal equations then consist of two equal and opposite pairs. We retain the two positive solutions
When S 2 = 2, S 3 = 5/2 and λ 3 = 0, this expression reduces to an earlier one [10] for the Fe(II)Fe(III) bimetallic oxalates. At k = 0, γ k = 1 and the SW spectrum develops a gap due to the spin-orbit anisotropy. Defining the k = 0 SW frequencies by ± ≡ ω ± (k = 0), the SW gap is given by = min( + , − ). To better appreciate the behavior of as a function of L 2 and L 3 , we have constructed the three contour plots in figure 2 
The slope of this diagonal separator is given by |λ 2 /λ 3 |. The result that the channels + and − are essentially constant or parallel to the L 3 and L 2 axes, respectively, can be understood by expanding the frequencies in powers of J c / f where f ≡ |λ 2 |L 2 + |λ 3 |L 3 J c :
So to lowest order in J c /|λ i |, + and − are given by |λ 2 |L 2 and |λ 3 |L 3 , respectively, and are independent of L 3 and L 2 . From equation (19), the SW gap vanishes in the limit 
Conclusion
We have calculated the SW frequencies for antiferromagnetically coupled bimetallic oxalates. Our results for the SW gap were demonstrated by studying the compounds Fe(II)Mn(III), Ni(II)Mn(III) and V(II)V(III) as a function of their associated crystal-field orbital angular momentum L 2 and L 3 . The SW gap varied from 0 meV to as high as 15 meV as the angular momenta L 2 and L 3 increased. There does not seem to be any relationship between the SW gap and the presence or absence of MC. Indeed, the SW gap can achieve its largest value outside regions of MC, as seen particularly in figure 2 for the Fe(II)Mn(III) compounds. These results indicate that even compounds that do not exhibit MC may have sizeable SW gaps. However, when the singlet levels on both the M(II) and M (III) sites lie lowest in energy, then both L 2 and L 3 would vanish and MC would be absent. Since any magnetic anisotropy would then be produced by single-ion anisotropy D i ∝ λ 2 i , the SW gaps would tend to be much smaller than those predicted here.
Depending on whether + or − is smaller, the SW gap depends primarily on the orbital angular momentum L 2 or L 3 of the M(II) or M (III) ion, respectively. This surprising result stems from the small value of the exchange interaction J c compared to the magnitude of the spin-orbit coupling constants λ i .
In addition to the above compounds, we also constructed the contours (L 2 , L 3 ) for V(II)Cr(III), Co(II)Mn(III), Fe(II)Ru(III) and Cu(III)Ru(III). For the V(II)Cr(III) and Co(II)Mn(III) compounds, we found similar behavior as in figure 2 . On the other hand, Ru(III) compounds with a 4d 5 electronic configuration displayed an order-of-magnitude higher value of because of the large spin-orbit coupling λ 3 = 116.54 meV and low-spin S 3 = 1/2 state [5] .
Hopefully, this paper will inspire future measurements of the SW excitations in the bimetallic oxalates. Although almost all samples are polycrystalline, inelastic neutron scattering measurements on deuterated materials should be able to measure the SW gap without difficulty.
